
Complex potential surfae for the 2B1 metastable state of the water anionDaniel J. Haxton,1, 2, � Zhiyong Zhang,2, y C. William MCurdy,2, 3, 1, z and Thomas N. Resigno2, x1Department of Chemistry, University of California, Berkeley, California 947202Lawrene Berkeley National Laboratory, Computing Sienes, Berkeley, California 947203Department of Applied Siene, University of California, Davis, California 95616The potential energy surfae orresponding the omplex resonane energy of the 2B1 Feshbah res-onane state of the water anion is onstruted in its full dimensionality. Complex Kohn variationalsattering alulations are used to ompute the resonane width, while large-sale Con�gurationInteration alulations are used to ompute the resonane energy. Near the equilibrium geome-try, an aompanying ground state potential surfae is onstruted from Con�guration Interationalulations that treat orrelation at a level similar to that used in the alulations on the anion.I. INTRODUCTIONAt kineti energies of less than about 15 eV, ele-tron impats with water moleules are apable of lead-ing to the formation of resonane states that are dis-soiative, or to the exitation of low-lying singlet andtriplet eletroni states, many of whih are also dissoia-tive. Thus, ollisions of low-energy eletrons with wateran initiate hemial reations involving both radial andioni fragments of the water moleule. While suh pro-esses are ertainly interesting on a purely theoretiallevel, they gain additional relevane through their sus-peted ompliity in mehanisms of genome damage inliving organisms. In the presene of ionizing radiation inthe ondensed phase, a shower of low-energy seondaryeletrons results from essentially all primary ionizationevents. Therefore dissoiative attahment and dissoia-tive exitation of water are andidates to play key rolesin the mehanism of radiation damage to biologial sys-tems.In this paper we begin the investigation of dissoia-tive attahment (DA) through the lowest energy Fesh-bah resonane state of the water anion, whih in theC2v symmetry of the equilibrium geometry of the watermoleule has 2B1 symmetry. Here we address the prob-lem of onstruting a omplete potential energy surfaeof this metastable state whih determines the motion ofthe nulei during the dissoiative attahment proess. Inthe following artile, we will investigate the quantum dy-namis of dissoiative attahment on this surfae. Thatstudy will make use of the loal omplex potential modelfor the nulear dynamis, in whih the nulei move onthe omplex potential surfaeV = ER � i�=2 ; (1)where ER and ��=2 are the real and imaginary parts, re-spetively, of the well-de�ned omplex resonane energy�djhaxton�lbl.govyzyzhang�lbl.govzwmurdy�lbl.govxtnresigno�lbl.gov

of the 2B1 state.Not surprisingly, negative ion formation has been thesubjet of intense experimental and theoretial investi-gation, starting as early as 1930 [1℄. Early experimentson negative ion formation by eletron impat fousedmainly on the identi�ation of the negative ion speiesformed, the measurement of the total ross setions, andthe energy loations of the strutures in the resonaneproess [2℄. Buhel'nikova [3℄ and Shultz [4℄ establishedthat the main produts of dissoiative eletron attah-ment in water are H� and O� , with the prodution ofO� being muh smaller than that of H� at lower ener-gies, but with O� dominating at higher eletron-impatenergies.Compton and Christophorou [5℄ arried out a ompre-hensive study of negative ion formation in water andmeasured the total ross setions for negative ion pro-dution in H2O. Three resonane peaks were observed.H� prodution was observed at approximately 6.5 eVand 8.6 eV, with the seond peak muh less intense thanthe �rst. O� was observed in inreasing intensities inthree peaks at 6.9 eV, 8.9 eV, and 11.4 eV, respetively,the �rst two appearing at slightly higher energies thanthe orresponding H� resonane peaks. Isotopi e�etswere also measured and disussed in detail in this study.Trends similar to H�=H2O and O�=H2O were observedfor the formation of D� and O� from D2O, althoughsome signi�ant di�erenes in peak heights and widthswere observed in the ase of the deuterated target.A series of measurements by Trajmar and Hall [6℄ andBeli, Laudau, and Hall [7℄ revealed the energy and angu-lar dependene of H� prodution in dissoiative eletronattahment to H2O. The angular distributions at thethree resonane peaks were judged to be onsistent withthe assignment of the three resonanes as having 2B1,2A1, and 2B2 symmetries, respetively. These measure-ments also gave detailed information about the vibra-tional and rotational state distribution of the OH frag-ments.Compared with the large number of experimentalmeasurements, detailed theoretial work on dissoiativeeletron-water ollisions has been relatively sare andthere has been no previous ab initio work on dissoiativeeletron attahment to water. The pauity of theoreti-



2al work on DA stems from the fat that, in water, DAproeeds, not through tunneling shape resonanes, butthrough Feshbah resonanes that involve hanges in theeletroni struture of the target. Early theoretial workfoused on the eletroni struture [8℄ and on�guration-interation [9℄ alulations on various states of H2O�that are possible resonanes. These alulations, to-gether with experimental observations, formed the basisof the assignment of the three Feshbah resonanes thatare responsible for eletron-impat dissoiation of waterin the gas phase. Contemporary theoretial work hasinluded ab initio omplex Kohn [10℄ and R-matrix [11℄alulations, at the equilibrium nulear geometry, of theresonanes and exitation ross setions into low-lyingdissoiative eletroni states. More reently, Gor�nkiel,Morgan, and Tennyson [12℄ arried out R-matrix alu-lations of dissoiative exitation of water through fourlow-lying exited states (the 1;3B1 and 3;1A1 states). Alimited study of the e�ets of nulear motion were in-luded in that work by inreasing one of the OH bondswhile keeping the equilibrium HOH bond angle and theother OH bond length onstant. The only theoretialwork on the dynamial aspets of dissoiative eletronattahment to water are earlier lassial trajetory anal-yses based on either repulsive [13℄ or attrative [14℄ modelresonae surfaes.This paper desribes the onstrution of the omplexpotential energy surfae of the �rst dissoiative attah-ment resonane, the 2B1 state near 6.5 eV, in its fulldimensionality. A potential energy surfae for the neu-tral moleule is also onstruted at a orresponding levelof theory. The imaginary part of the potential surfaein Eq.(1) is onstruted from alulations using the om-plex Kohn variational method [15, 16℄, while the real partof the potential surfae, ER in Eq.(1), is onstrutedfrom large-sale on�guration-interation (CI) alula-tions. Within the loal omplex potential approxima-tion [17{19℄, the omplex anion surfae and the ground-state target surfae are suÆient to desribe the full dy-namis of the dissoiative attahment proess via the 2B1resonane.We will refer to several di�erent oordinate systems inthis paper. These are illustrated in Fig. 1. The valene-bond oordinate system is omprised of the OH bondlengths, r1 and r2, and the H-O-H bond angle, �. Thereare also two di�erent Jaobi oordinate systems; one in-orporates an OH bond length, r, the distane betweenthat OH enter of mass and the other H, denoted R, andthe angle between the r and R vetors, alled , suh that = 0 indiates a ollinear H-H-O geometry. The otherdenotes the H-H separation by r, the distane betweenthe O and the H2 enter of mass by R, and the anglebetween ~r and ~R by . Finally, the triangular oordinatesystem is omprised of the three internulear separationsr1, r2, and rHH .A subsequent paper will present the results of a studyof the full quantum dynamis of the dissoiative attah-ment proess on this omplex potential surfae, whih has
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FIG. 1: Coordinate systems to whih we refer in this paper.(a) Jaobi (r = rOH); (b) Jaobi (r = rHH); () valene-bond;(d) triangular.been arried out using a time-dependent version of the lo-al omplex potential approximation for nulear motionof the anion. That paper will desribe the use of the Mul-tion�guration Time-Dependent Hartree method [20{22℄for nulear dynamis to ompute ross setions and vibra-tional and rotational state distributions of the produts.II. ELECTRONIC STRUCTURE ANDELECTRONIC STATES OF H2ONear equilibrium geometry (r1 = 1:81 bohr, r2 = 1:81bohr, � = 104:5Æ), the ground state of H2O is welldesribed by a self-onsistent �eld (SCF) wave fun-tion. The SCF orbitals, in order of inreasing energy,are labeled f1a1; 2a1; 1b2; 3a1; 1b1g in C2v symmetry orf1a0; 2a0; 3a0; 4a0; 1a00g in Cs symmetry. The 1b2 and 3a1orbitals are the main bonding orbitals, while the 1b1 or-bital is nonbonding and ontains the oxygen lone-paireletrons, perpendiular to the moleular plane. Impor-tant unoupied orbitals inlude the 4a1 (5a00) orbital,whih is the antibonding ounterpart to the 3a1 orbital,and the 2b2 (6a00) orbital.There are six low-lying dissoiative eletroni states ofwater -1;3B1, 1;3A1, and 1;3B2 - whih, near equilibriumgeometry, are well desribed by promoting an oupied1b1; 3a1, or 1b2 eletron into the anti-bonding 4a1 orbital.These states are the parents of three doubly exited anionstates with on�gurations 1b14a21, 3a14a21, and 1b24a21,orresponding to the three main dissoiative attahmentpeaks. In addition, there are also 3;1A2 exited states inthis energy range, of predominantly Rydberg harater,obtained by promoting a 1b1 eletron into the unoupied2b2 orbital.The lowest anion state, the 2B1 state, is a Feshbahresonane whih beomes an eletronially bound state



3as the moleule dissoiates and the anion energy dropsbelow the neutral ground state energy. In the region ofthe potential surfae where the 2B1 state is a resonane itis quite narrow and nearly parallels the 3B1 state, whihis its parent.In the asymptoti regions, the 2B1 state orrelates witheither OH(2�) + H�(1S) or H2(1�) + O�(2P). The thirdarrangement hannel, H(2S) + OH�(1�), whih has beenobserved at eah of the resonane peaks, is not a diretprodut of dissoiative attahment on the 2B1 resonanesurfae [23℄ and is in fat exluded by symmetry as longas oupling to other surfaes is omitted.III. CALCULATION OF THE RESONANCEENERGY AND WIDTHThere are two qualitatively di�erent regions of nuleargeometry in a dissoiative attahment problem: the re-gion near the equilibrium geometry of the neutral withinwhih the anion is a resonane, and the asymptoti regionin whih the resonane beomes bound. In the resonaneregion, the anion has a �nite width or inverse lifetime,whih an be evaluated either by a diret method us-ing \Fermi's Golden Rule," or by analyzing the resultsof a �xed-nulei sattering alulation. In the bound re-gion, the anion an be desribed using modern eletronistruture tehniques, e.g., a on�guration-interation al-ulation.Beause the 2B1resonane is so narrow (� � 0:006 eVat the equilibrium geometry of water), one an, in pra-tie, use CI tehniques to evaluate the real part of the 2B1surfae at all geometries of interest. This strategy allowsone to evaluate the real part of the resonane surfae fromlarge-sale CI expansions that would be impossible to usein any pratial sattering alulation. Fixed-nulei sat-tering alulations, using the omplex Kohn variationalmethod, were arried out, but over a more limited setof geometries near the equilibrium position of the target,for the purpose of obtaining the imaginary part of theresonane energies.In the following setions we will desribe the two typesof alulations we performed to onstrut the entire om-plex potential surfae for the 2B1 state, turning �rstto the eletron-moleule sattering alulations neessaryfor omputing the width.A. The omplex Kohn variational methodThe omplex Kohn variational method makes use of atrial wave funtion that is expanded in terms of square-integrable (Cartesian Gaussian) and ontinuum basisfuntions that inorporate the orret asymptoti bound-ary onditions. Detailed desriptions of the method havebeen given elsewhere (see, for instane, refs. [15, 16℄),so here we will limit ourselves to a very brief summary

to establish the terminology we will use to desribe ournumerial alulations.The physis of a alulation using the omplex Kohnvariational method is exhibited in the trial funtion,whih, for a target ontaining N eletrons, has the form	(+)�0 =X� A h��(r1:::rN )F (+)�;�0(rN+1)i+X� d�0� ��(r1:::rN+1) : (2)The �rst sum in Eq. (2) is over target states expliitlyinluded in a lose-oupling expansion, whih may beenergetially open or losed, and for whih ��(r1:::rN )denotes the orresponding eletroni state of the targetmoleule. The antisymmetrizer is denoted by A, and thesattering orbital (hannel eigenfuntion) assoiated withhannel � isF (+)�;�0(r) =Xi �;�0i 'i(r)+Xl;m [fl;m(k�r)Æl;l0Æm;m0Æ�;�0+ T�;�0l;l0;m;m0g(+)l;m (k�r)i Yl;m(r̂)=r (3)for inoming boundary onditions in hannel �0. InEq. (3) 'i denotes a Gaussian moleular orbital, andfl;m(k�r) and g(+)l;m (k�r) denote ontinuum funtionswhih are regular at the origin and whose asymptotiforms orrespond to Riatti-Bessel and outgoing Riatti-Hankel funtions, respetively:fl;m(k�r) �!r!1 jl(k�r)=pk� (4)g(+)l;m(k�r) �!r!1 h(+)l (k�r)=pk� : (5)With eah of these ontinuum funtions is assoiated ahannel momentum, k�k2�=2 = E � E� : (6)The seond sum in Eq.(2) is over square integrable(N+1)-eletron terms (on�guration state funtions) on-struted from Gaussian moleular orbitals and inor-porates orrelation e�ets not desribed by the lose-oupling expansion of the �rst sum. For onveniene werefer to the (N+1)-eletron on�gurations, ��, in the se-ond sum as the \Q-spae" and to the square-integrable(N+1)-eletron on�gurations involving target on�gu-rations and the orbitals 'i generated by the antisym-metrizer in the �rst sum as the \P-spae" of the alula-tion.Inserting the trial wave funtion into the variationalprinipleT�;�0s = T�;�0t � 2 Z 	(�)�� (H �E)	(+)�0 dr1:::drN+1 (7)



4yields a set of linear equations for the oeÆients �;�0i ,d�0� , and the T-matrix, whose elements are denoted asT�;�0l;l0;m;m0 . The ross setions an be onstruted from theT-matrix, and in the present ase the width and positionof the 2B1 resonane are extrated from its eigenphases.A desription of a omplex Kohn alulation there-fore requires the spei�ation of the approximate targetstates ��, the orrelating on�gurations ��, and, for theexpansion of the hannel eigenfuntions, the Gaussianmoleular orbitals 'i and the l;m pairs inluded in theasymptoti partial wave expansion.B. Target states and basis set of the omplex Kohnvariational alulationsThe square integrable portion of the basis used to on-strut the Kohn trial funtion onsisted of the Gaussianbasis set of Gil et al. [10℄, augmented with additional dif-fuse orbitals. On the oxygen, we added an s funtionwith exponent 0.0316 and a p funtion with exponent0.0254; on eah of the hydrogens, we added s funtionswith exponents 0.08 and 0.0333, and p funtions with ex-ponents 0.2 and 0.05. With these additions, our basis setinluded a total of 77 funtions.The orbital spae spanned by this basis set wasdivided into sets of \target orbitals" and \satter-ing orbitals." The target orbitals were the setf1a1; 2a1; 1b2; 3a1; 1b1; 4a1; 2b2; 5a1g, whih were ob-tained from natural orbital alulations on the groundstate and on the resonane, as desribed below. Thesattering orbitals were the orthogonal omplement ofthe target orbitals.At eah geometry, the �rst �ve target orbitals wereobtained from a multi-referene plus all single exita-tions on�guration-interation alulation on the neutralground state. The orbital basis for these alulations on-sisted of the �ve oupied SCF orbitals along with a set of\improved virtual orbitals" alulated in the �eld of the(N-1)-eletron Hamiltonian obtained by singly oupy-ing the highest oupied moleular orbital. (This orbitalwas almost always the 1b1 / 1a00 orbital.) We performedomplete ative spae (CAS) CI alulations in this ba-sis, doubly oupying the 1a1 orbital and distributing theeight remaining eletrons over all possible on�gurationsthat ould be generated from the set of atve orbitalsf2a1; 1b2; 3a1; 1b1; 4a1; 2b2g. We also inluded all sin-gle exitations obtained by plaing seven eletrons in theative spae and the remaining eletron in an IVO or-bital. This generated a CI expansion of �15,000 terms.The �rst �ve \target" orbitals used in the omplex Kohntrial funtion were the natural orbitals obtained by di-agonalizing the ground state density matrix from this CIalulation.We then performed similar alulations for the anionstate, beginning with a set of oupied orbitals from asymmetry-restrited SCF alulation on the 2B1 reso-nane state. We arried out a CI alulation in 2B1

TABLE I: H2O target energies at equilibrium geometry. Com-plex Kohn values are ompared with results of van Harreveltand van Hemert [24℄. Energies from this work are alulatedat r1 = r2 = 1:81 bohr, � = 105Æ. Energies from Ref. [24℄were alulated at r1 = r2 = 1:8 bohr, � = 104:5Æ.State Energy (hartree) Exitation Energy (eletron volts)omplex Kohn omplex Kohn Ref. [24℄1A1 -76.0581 0.0 0.03B1 -75.7795 7.5821B1 -75.7666 7.932 7.633A2 -75.7086 9.5111A2 -75.7049 9.611 9.603A1 -75.6933 9.9261A1 -75.6710 10.534 9.95symmetry, keeping the 1a212a211b223a211b11 oupany ofthe �ve inner orbitals �xed, and allowing two ele-trons to oupy any of the remaining a1 and/or b2orbitals. The 4a1, 2b2 and 5a1 orbitals were ob-tained by diagonalizing the density matrix of the low-est energy root. We found that we ould improve thisset of natural orbitals via an iterative sheme whereeah iteration onsisted of a symmetry-restrited, multi-referene plus all singles CI alulation where the ref-erene spae was obtained by distributing eleven ele-trons over the f1a1; 2a1; 1b2; 3a1; 1b1; 4a1; 2b2; 5a1g nat-ural orbitals, with the onstraint that the 1a1 and 1b1orbitals be doubly and singly oupied, respetively, ineah on�guration. The size of the on�guration spaefor these last alulations was �13000 in C2v symmetryand �25000 in Cs symmetry. Four iterations were per-formed.The �nal set of eight target orbitals used in the om-plex Kohn trial funntion onsisted of the �ve natural or-bitals with the highest oupation numbers { invariably,the orbitals f1a1; 2a1; 2b2; 3a1; 1b1g { from the neutralground state alulations, ombined with the 4a1, 2b2,and 5a1 natural orbitals from the anion alulations, thelatter Shmidt orthogonalized to the former. The re-maining unoupied orbitals { the sattering orbitals, 'iin Eq. (3) { were also taken from the anion alulationsand Shmidt orthogonalized to the �ve natural orbitalsfrom the ground state alulations.Seven states �� were expliitly inluded in the P-spae portion of the Kohn trial funtion in Eq.(2).These states were de�ned as the roots of a ompleteative spae CI within the spae of the target orbitalsf2a1; 1b2; 3a1; 1b1; 4a1; 2b2; 5a1g, with the 1a1 orbital al-ways doubly oupied. For energetially losed hannels,only L2 funtions 'i were inluded in the expansion ofF (+)�;�0 in Eq.(3). At eah nulear geometry, the seven tar-get states with the lowest energy were hosen. Near theequilibrium geometry, this inluded the 1A1 ground stateand the 1;3B1,1;3A2, and 1;3A1 exited states. The targetenergies at the equilibrium geometry of water are listedin Table I.
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FIG. 2: Eigenphase sums, in radians. r1 is �xed at 1.81, � at105Æ, and r2 is varied. Distanes in bohr.The Q-spae terms �� were omprised of all on�gura-tions that ould be generated by plaing eleven eletronswithin the spae of target orbitals, subjet to the on-straint that the 1a1 orbital be doubly oupied. These so-alled \penetration" terms ontain the dominant on�gu-rations that desribe the Feshbah resonanes, as well asterms that relax any onstraints imposed on the hanneleigenfuntions that arise from the orthogonality amongthe sattering orbitals, ontinuum orbitals, and targetorbitals [15℄.The expansion of the ontinuum funtions F (+)�;�0 inEq.(3) inluded Yl;m's spanning the range l = 0 to 4,with all values of m inluded for eah target state on-sistent with overall 2B1 or A00 symmetry.C. Calulation of the resonane widthsThe omplex Kohn alulations were performed over agrid in valene oordinates on whih the OH bond lengthstook on values r =f1.51, 1.81, 2.11, 2.41, 2.71, 3.01, 3.61bohrg and the angles were � =f15, 30, 45, 60, 75, 90,105, 120, 135, 150, 165Æg. Geometries at � =f15, 30gwhih are energetially inaessible to the dissoiativeattahment proess were not inluded.To failitate loating the resonane position at eahgeometry, we �rst diagonalized the energy-independentportion of the Kohn Hamiltonian, onstruted fromsquare-integrable basis funtions, and inspeted the low-lying eigenvalues and eigenvetors to loate the resonaneroot. The full sattering alulation was then performedat ten energies around the resonane loation and theorresponding eigenphase sums were tabulated and �t-ted to a Briet-Wigner form with a linear bakground toextrat the resonane positions and widths. Eigenphasesums for several representative geometries are shown inFig. 2.The omplex Kohn alulations produe a narrow 2B1

resonane that lies lose to { and generally below { its3B1 parent state. At several geometries, however, theresonane pole appeared slightly (� .1 eV) above its 3B1parent state. Unfortunately, we were unable to reliablyperform the Kohn alulation at energies lose enoughto threshold to get meaningful Breit-Wigner �ts in theseases. The imaginary part of our interpolated resonanesurfae was therefore onstruted under the assumptionthat the 2B1 resonane always lies below its parent. Wewill have more to say about this below.D. CI alulation for real part of resonane surfaeIn the asymptoti regions where the anion is eletron-ially bound, we an use eletroni struture methods toompute the anion potential surfae. As we stated ear-lier, the resonane widths are so narrow in this ase thatwe an use these same tehniques at all geometries of in-terest. This strategy allows us to use large-sale CI teh-niques to ompute the real part of the resonane surfaeat all geometries. It also spares us the diÆulties thatwould be enountered in trying to math the energy sur-fae obtained from sattering qalulations in one regionwith the asymptoti portions of the surfae obtained bya di�erent method.The real part of the resonane surfae was ap-proximated by large-sale, multi-referene on�guration-interation alulations with single and double exita-tions. For these alulations, we used the augmented,orrelation-onsistent, polarized valene triple-zeta basisset developed by Dunning and oworkers [25℄. Moleu-lar orbitals were �rst obtained via a symmetry-restritedSCF alulation on the 2B1 resonane. The CI referenespae inluded the 1b2, 3a1, 1b1, 4a1, 5a1, and 2b2 or-bitals in C2v symmetries, whih orrespond to 3a0, 4a0,1a00, 5a0, 6a0 and 7a0 orbitals in Cs symmetries. The 4eletrons ouping the 1a1 and 2a1 orbitals, whih areomprised of mainly the oxygen 1s and 2s orbitals, were�xed with double oupation and not orrelated in thesealulations. The 1b2 and 3a1 orbitals desribe the twoOH bonds, while the 1b1 orbital is a non-bonding orbitalthat desribes the oxygen lone pair. The 4a1 (5a0) orbital,whih is the resonane orbital near equilibrium geometry,beomes the 1s orbital of the H� anion in the OH+H�arrangement. Inlusion of the 2b2 and 5a1 orbitals is im-portant for desribing orrelation e�ets in the resonantstate and permits the proper dissoiation of the moleule.Con�gurations orresponding to all possible distributionsof 7 eletrons in the CI referene spae were inluded inthe CI Hamiltonian along with all single and double ex-itations from that referene spae. The total number ofon�gurations in these alulations was �900,000.For this alulation, we de�ned a full grid of r1, r2 =f1.45, 1.55, 1.65, 1.75, 1.85, 1.95, 2, 2.25, 2.5, 2.6, 2.8,3.0, 3.2, 3.4, 3.6, 3.8, 4.0, 4.2, 4.4, 4.6, 4.8, 5.0, 5.2, 5.6,5.8, 6.0, 6.5, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0 bohrg, �=f1,2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 14, 15, 16, 17, 18, 20, 22,
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FIG. 3: 2B1 resonane and 3B1 neutral energies, from CIalulations, along the ut in valene-bond oordinates withr1 = 1:81 and � = 1050: resonane energy (solid urve), neu-tral energy (dashed urve).24, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 85, 100, 120,140, 160, 175 degreesg. This 33 � 33 � 37 grid inludes40293 points. But of these, on only 6025 appropriatelyhosen points were the CI alulations performed; as de-sribed below, the energies at the remainder were de�nedby interpolation among the alulated points. For noneof the 6025 points did the resonane loation exeed anabsolute value of -75.8 hartree.The CI alulations, just like the omplex Kohn alu-lations, showed that for ertain geometries the resonanestate lies energetially slightly above its neutral parent.This is illustrated in Fig. 3. This was generally foundto our at geometries where one OH bond distane waslose to its equilibrium value and the other was strethedby 1-2 bohr. These are geometries where H� begins tooverlap OH and it beomes diÆult to maintain a onsis-tent desription of orrelation in the neutral and anionstates. It is also possible that we are looking at smallbasis set superposition errors at these geometries. In anyase, we believe this is unlikely to be a physially orretresult and therefore, as we observed above, the imagi-nary part of our interpolated resonane surfae was on-struted under the assumption that the 2B1 resonanealways lies below its parent. This issue will prove to beimportant in the disussion of experimentally observedisotope e�ets presented in the subsequent paper.E. CI alulation for the ground state potentialsurfaeFor the alulation of the neutral potential surfae, wefollowed a presription similar to that used in generatingthe resonane surfae. The number of orbitals used tode�ne the ative spae was the same, with the di�erene
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FIG. 4: Calulated ground state potential surfae for � =104:50 with ontours every 0.25 eV. Bond lengths in bohr.that six, not seven, eletrons oupy the referene spaeof 1b2; 3a1; 1b1; 4a1; 5a1 and 2b2 orbitals.For the neutral, the full grid was spei�ed by r1, r2 =f1.55, 1.6, 1.65, 1.7, 1.72, 1.74, 1.76, 1.78, 1.8098, 1.82,1.84, 1.86, 1.88, 1.9, 1.92, 2, 2.25, 2.5, 2.75, 3.0 bohrg,and �=f20, 40, 60, 80, 100, 120, 140, 160, 175 degreesg.The CI alulation was performed on eah point on thisgrid.The neutral surfae was represented by a three-dimensional ubi spline �t using the full grid of pointsobtained from the CI alulation desribed above. It isonvenient to have a representation of the potential farinto the lassially forbidden region, and to that end thepotential was extrapolated beyond the end of the om-puted grid using a quadrati representation. The groundstate potential surfae is shown in Fig.4. This potentialsurfae yields energies for the �rst few bound rovibra-tional states in good agreement with the spetrosopi-ally aurate surfae of Polyansky et al. [26℄IV. FITTING THE RESONANCE POTENTIALENERGY SURFACEA. Real part of the resonane energyTo onstrut a omplete representation of the real partof the resonane surfae, a referene potential was �rstsubtrated from the omputed points and the remainderwas �t with three-dimensional ubi splines. The ref-erene potential is a sum of two-body terms onsistingof three Morse potentials in the rOH and rHH oordi-nates. The referene potential plus the splined residualomprises the global �t of the surfae whih oinidesexatly with the alulated points.The Morse potentials were optimized for the asymp-toti regions, one for eah atom-diatom arrangement.



7Thus,V (r1; r2; �) =VS(r1; r2; �)+VOH (r1) + VOH (r2) + VHH (rHH ) (8)in whih VS is the splined residual, and rHH is a funtionof the other three oordinates. The OH Morse poten-tial was obtained by �tting the 124 most exterior points,yielding the �tted funtion (in atomi units)VOH (r) = 0:1534(1� exp(1:344(1:809� r)))2 (9)with rms error 0.0032. The HH Morse potential was �tusing 69 points at large H2 + O� separations whih si-multaneously satis�ed the onditions that r1; r2 > 8 andrHH < 4, yieldingVHH (r) = 0:1827(1� exp(1:098(1:406� r)))2 (10)with rms error 0.0029. These �ts are ertainly not spe-trosopi { there are three-body interations still presentfor many geometries at the exterior of our grid, and the�ts above only represent the best two-body �ts to theexterior regions of the full three-body potential.The di�erene between the referene potential and thealulated values is therefore a ombination of small or-retions to the three two-body interation potentials,plus the entire three-body interation potential. Thisdi�erene is the quantity whih was �t with ubi splinesto obtain VS(r1; r2; �) above.The splining proeedure was performed in the valene-bond oordinate system using the alulated CI points.Sine we did not alulate the full grid of points, a multi-step splining proeedure was required. First, a series ofone-dimensional splines, in the � diretion and then alongthe r1 and r2 diretions, was performed to obtain thesurfae at the remaining grid points. Seond, the full gridof points thus onstruted was �t to three-dimensionalubi splines.Fig. 5 illustrates how the ombination of an analyt-ial referene potential and a splined residual produesa better representation of the full potential surfae thanwhat would be obtained with a diret three-dimensionalspline �t of the alulated points. That advantage is par-tiularly important in the H2 + O� arrangement. Theexiting well in this arrangement lies diagonally in thevalene-bond oordinate system upon whih our grid ofalulated points is based. Our grid is also sparse in thisasymptoti region. Thus, obtaining a reliable �t froma spline proeedure alone would be impossible. This isbeause the H2 +O� potential energy surfae { and inpartiular, the highly repulsive part at small H-H sepa-rations { is not easily desribed by the third-degree poly-nomials omprising the spline funtions. To illustrate,onsider the geometries (1) fr1 = 7; r2 = 7; � = 1Æg and(2) fr1 = 7; r2 = 8; � = 1Æg, whih are adjaent in ourgrid of points. Point (1) is high upon the repulsive wallof the H-H potential, whereas point (2) is loser to theH-H equilibrium separation. A pure spline would rep-resent the behavior of the potential between these two
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FIG. 5: H-H potential energy well in Jaobi (r = rHH) oor-dinates, at  = 0 (left) and  = 90Æ (right). The top panelsrepresent a diret splined �t of the full surfae; the bottompanels ombine a referene two-body potential with a splined�t of the residual. Distanes (r and R) in bohr; ontours every0.25eV.points with a third-degree polynomial, whih is a poorsubstitute for the behavior of the true potential (whihis better approximated by an exponential or by 1=r12).The improvement gained by subtrating the analyti ref-erene potential before �tting with splines is substantial,as shown in Fig. 5.Even with the improvement a�orded by this tehnique,however, the H2 + O� well is not represented with suÆ-ient auray to a�ord reliable rotational or vibrationalanalyses for this rearrangement hannel. Irregularities ofapproximately 0.25eV persist at linear O-H-H geometry.Fortunately, these irregularities are far removed from theH� + OH well and therefore do not a�et dynamis lead-ing to that arrangement.B. The width of the resonaneThe alulated values of the width were tabulated andthe square root of the width was then �t in the valene-bond oordinate system to a basis set expansion of 60symmetrized Gaussian funtions of the form,�ijk(r1; r2; �) = (1 + Pij) �(r1=i)2 + (r2=j)2�k=2exp ��(r1=i)2 � (r2=j)2� os(k�) ;(11)where Pij is an operator whih permutes indies i andj. The oeÆients i are f1:2; 1:4; 1:6; 1:8; 2:0g and theinteger k runs from 0 to 3 inlusive. This basis set wasused in a least-squares �t of the square root of the widthusing the method of singular value deomposition [27℄.The rank of the singular value deomposition matrix was25 and the root-mean-square error of the width funtionthereby onstruted was 0.00075eV. In Fig.6 we show
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FIG. 6: Fitted width funtion in valene-bond oordinates at � = 105 degrees; r2 = 1:81 bohr; and in C2v geometry. � inradians; r1 and r2 in bohr; ontours every 0.0005eV.three uts of our �tted width funtion in valene bondoordinates.The interested reader an aess the data �les and om-puter odes needed to generate the omplex resonaneenergy at any desired geometry. These eletroni �lesan be retrieved from the EPAPS arhive [28℄.C. Comparison with other alulationsGor�nkiel, Morgan and Tennyson [12℄ have performedR-matrix alulations on one portion of this potentialsurfae. They �xed one OH distane and the bond an-gle to be those of the ground state of water, and treateddissoiation in one dimension along the other OH dis-tane, r2 in our notation. In Fig. 7 we ompare ouralulated widths and our �t of them with those of theR-matrix alulation. Our widths are uniformly largerthan those of the R-matrix alulation. The behavior ofthe widths from our alulation is similar to that from theR-matrix alulation in that both show a maximum ora plateau around equilbrium ground-state neutral H2Ogeometry, though the R-matrix values fall o� somewhatmore quikly with inreasing r2.In Fig. 8 we ompare the real part of the resonanepotential energy surfae alulated in the CI alulationsdesribed above with the R-matrix alulations of refer-ene [12℄. In this �gure the resonane energies are shownrelative to the energy of the ground state at equilibriumgeometry in the orresponding alulation. Our CI al-ulations agree very well, both in shape and magnitude,with the R-matrix results for values of r2 inward of theequilibrium value. For larger values of r2 the CI potentialsurfae is atter in this ut than is the R-matrix surfae.Fig. 8 also shows the resonane energy from the om-plex Kohn alulations. In this one-dimensional ut ofthe full potential surfae one an see that in the viin-ity of the equilibrium geometry its shape is similar tothat of the CI alulation, but its behavior for large r2di�ers. The large-sale CI alulations should be signi�-antly more reliable in this limit beause they have beendesigned to treat the dissoiative limits orretly.
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θ (degrees)FIG. 9: Resonane energy as a funtion of � with r1 andr2 �xed at 1.81 bohr: omplex Kohn alulations (dots on-neted by hained urve), present CI alulations (solid line).and therefore an overall dissoiative shape of the poten-tial energy surfae near equilibrium ground-state H2Ogeometry.A seond elementary expetation is that the anion sur-fae should vary less with bending angle than does theground state surfae. The splitting of the energies of the3a1 and 4a1 orbitals is enhaned by the s� p hybridiza-tion a�orded by bent geometries; that e�et is one ex-planation of the origin of the moleule's bent equilibriumgeometry, as H2O in its ground state has two eletrons inthe 3a1 but none in the 4a1 orbital. In the 2B1 state both

3a1 and 4a1 orbitals are doubly oupied. As the bendingangle is inreased from its equilibrium value, the inreasein the 3a1 orbital energy is aompanied by a derease inthe 4a1 orbital energy and the 2B1 state is thus expetedto have a potential energy surfae whih is relatively atwith bending angle.The entire potential surfae is surveyed in Fig. 10 invalene bond oordinates. Cuts are given that vary inthe bond angle, �, from 0Æ to 180Æ. From these uts wean see some of the expeted features. O� +H2 is visiblein the ut at � = 0Æ as two narrow hannels for whihjr1 � r2j = 1:4 bohr. In the valene-bond oordinatesystem, this hannel has the shape of a tube, a higherpart of whih an be seen in the next ut at � = 15Æ.As the bond angle is inreased we see more learly thewells orresponding to the arrangement OH+H�. Asan be seen in the top panel of the right olumn of Fig.10, at the equilibrium geometry of neutral H2O the gradi-ent of the surfae is quite steep in the symmetri strethdiretion. At � = 104:5Æ, the surfae posesses a saddlepoint at r1 = r2 � 2:1, and then inreases in energyas the symmetri streth oordinate is further inreased.On either side of this saddle, the OH+H� wells formquikly and the gradient in the r1 or r2 diretion is large.Relative to its rapid variation in r1 or r2, the variationof the surfae with respet to � is generally small in theviinity of the equilibrium geometry of the neutral.Although it does not a�et the dissoiation dynam-is beause autodetahment is negligible immediately be-yond the Frank-Condon region, it is nevertheless inter-esting to see where the resonane state beomes eletron-ially bound, ie. where it rosses the ground-state surfaeof neutral water. To loate these rossings, whih lie welloutside the range of geometries where we needed to om-pute the neutral target surfae, we used the spetrosopi-ally aurate potential energy surfae of water omputedby Polyansky, Jensen and Tennyson [26℄, shifted to o-inide with the minimum of our alulated CI surfae.The points at whih the resonane and neutral surfaesross are plotted in Fig.10. Sine the surfae of Polyan-sky et al. is a spetrosopi �t and thus not expeted torepresent the dissoiative limits orretly, the rossingsdepited in Fig. 10 should be onsidered to be estimates,espeially for uts suh as that at �=105 degrees, in whihthe rossing ours at relatively large bond lengths.Although Fig. 10 in priniple gives a omplete viewof the surfae, some features are easier to see in otheroordinate systems. For example, the O� +H2 hannelis more easily seen in the triangular oordinates used inFig. 11 and skethed in Fig. 1. There is a loal C2v min-imum on the surfae in linear geometry at r1 = r2 � 2:4,whih an be found in the upper left part of Fig. 11on the boundary line that denotes linear on�gurations.In a time-dependent view of the dissoiative attahmentdynamis, whih we will use in the following paper, theinitial wave paket starts out with hrHH i = 2:91 andhrOH i = 1:83. This geometry plaes it a signi�ant dis-tane away from the H2 +O� well, as an be seen in
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FIG. 10: Real part of the surfae in valene-bond oordinates. Left olumn, top to bottom: � = 00, � = 150, � = 350,� = 700. Right olumn, top to bottom: � = 104:50, � = 1250, � = 1500, � = 1800. Blak dot for � = 104:50 denotes groundstate equilibrium position. r1 and r2 in bohr; ontours every 0.25eV. Thik urve on eah panel denotes geometries where theresonane state rosses the neutral ground state (see text).
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FIG. 11: Real part of the surfae in C2v symmetry in trian-gular oordinates. Distanes in bohr; ontours every 0.25eV.Fig. 11 . In the ut in this �gure, the H2 +O� wellappears dissoiative throughout. However, as C2v geom-etry is broken, there develops a very weak, broad globalminimum of the surfae in the H2 +O� well at r1 � 5:5,r2 � 4, � = 0Æ. This well an be interpreted as a polar-izable H2 bound to the O�.The Feshbah resonanes relevant to dissoiative at-tahment in water an be haraterized as an extra ele-tron weakly bound to the orresponding parent states.Thus, at least in the region where this state is a reso-nane, we expet the shape of the 2B1 potential energysurfae to losely parallel that of its parent 3B1 state.In the asymptoti region, where the resonane beomesbound, the eletroni energy of the resonane drops sig-ni�antly below that of its parent as the eletron aÆnityof the fragments is reovered.The potential surfae of the 3B1 neutral state is it-self similar to that of the 1B1 state. The latter is re-sponsible for the photodissoiation of water in its �rstabsorption band, whih has been alled \the most stud-ied triatomi photohemial reation" [29℄. Numerousalulations have been performed on this state, and itis illuminating to ompare its potential surfae with thepresent resonane surfae.For instane, van Harrevelt and van Hemert [24℄ haveonstruted and used a potential energy surfae for the1B1 state. They �nd a minimum in the symmetri strethdiretion near r1 = r2 = 2:05 bohr for � = 105Æ. In ther1 or r2 diretions, their potential is steeply dissoiativeat neutral H2O equilibrium geometry, attening out byapproximtely r1 = 5 bohr. Their surfae is reasonablyat in �, although they �nd a minimum in the 1B1 po-tential near � = 105Æ for r1 = r2 = 1:8 bohr, whihis approximately 0.8eV lower than the energy at linearH-O-H geometry at those bond lengths.Some parallels with the 1B1 state an be seen in the utof the 2B1 surfae shown in Fig. 12. We an see that the
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FIG. 12: Real part of the surfae in Jaobi (r = rOH) oor-dinates at r = 1:81. R in bohr;  in radians; ontours every0.25eV.
surfae is relatively at in the Jaobi angle, , though itfavors a bent geometry at small bond lengths and a lineargeometry at larger bond lengths. Interestingly, at r1 =r2 = 1:8 bohr, the di�erene between the minimum inenergy at 105Æ and the energy at linear H-O-H geometryis 0.807eV, very similar to that alulated for the 1B1state of neutral water in ref. [24℄.The relative aessibility of the H2 +O� and OH+H�wells from equilibrium H2O geometry is relevant to thebranhing ratios for this dissoiative attahment proess.While the H2 +O� exit well inludes the lowest pointson the potential energy surfae, it is not as immediatelyaessible from ground-state equilibrium geometry as isthe OH+H� well. The steepest desent path of the po-tential energy surfae does in fat lead from equilibriumgeometry into the O� +H2 well, but it does so only by�rst strething one OH bond from equilibrium geometryto approximately r = 4, and then traing a wide ar to = 0 aross a relatively at region of the potential en-ergy surfae, near the ut shown in Jaobi oordinates inFig. 12. The most diret route to this well proeeds with-out breaking C2v symmetry along the ut in Fig. 11, butin doing so moves almost perpendiular to the steepestdesent path. In our dynamial studies we will see that awave paket originally loated at the equilibrium geom-etry has a strong tendeny to bifurate into the steeplydissoiative H� +OH wells. Thus it is the shape of thepotential surfae and not the overall energetis that on-trols the branhing ratio into the two possible arrange-ment hannels for dissoiative attahment through thisresonane.



12VI. CONCLUSIONWe have alulated the potential energy surfaes ne-essary for a desription of dissoiative eletron attahmentto H2O. In an aompanying artile we examine the nu-lear dynamis on this surfae in an e�ort to obtain thedissoiative attahment ross setion.AknowledgmentsThis work was performed under the auspies of theUS Department of Energy by the University of Califor-
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